Materials and methods 136

Raw materials, experimental design and data analysis 137
Grains from eight two-rowed spring barley genotypes having vastly different BG content were 138 included in this work (Fig. 1) Switzerland) with pearling 11% of husk. In total, 48 samples were prepared from mashing grains 147 from the eight barley lines with three different enzyme combinations in replicate. Raw grains were 148 investigated for BG content and BG spatial distribution in the grain. BG extracts were analyzed for 149 viscosity, BG yield and molecular mass. Ethanol precipitated BGs from extracts were analyzed for 150 DP3/DP4 ratios. Commercial amylolytic enzymes were examined for BG hydrolytic side activity 151 (Fig. 1) . 152
Data were mined by multivariate data analysis using principal component analysis (PCA) to 153 visualize trends related to genotype, molecular structure and processing. PCA captures the major 154 variation in a data set in a model (X = T · P′ + E) where the two-dimensional data matrix (X) 155 containing information about samples and variables is decomposed into systematic variation (T and 156 P′) and noise (E). The systematic variation is described by the calculated principal components 157 (PCs) that represent the outer product of scores (containing information about the samples) and 158 loadings (containing information about the variables) (Wold et al., 1987) . PCA on the physicoM A N U S C R I P T The DP3/DP4 analysis was based on lichenase digestion of BG precipitated from wort 222 prepared as described above. BG powder (2.5 mg) was wetted with 10 µl 50% EtOH, and the slurry 223 was suspended in 500 µl of 10 mM NaH 2 PO 4 /Na 2 HPO 4 buffer. The solution was heated at 96°C for 224 2 h, cooled to 60°C and 10 U of lichenase (Megazyme, Ireland) were added. The samples were 225 incubated with mixing overnight at 60°C. Subsequently, the enzyme was inactivated at 100°C for 226 30 min and the samples were lyophilized. The BG fragments were labeled with the fluorophore 227
A C C E P T E D ACCEPTED MANUSCRIPT
Aminobenzamide (2-AB) by a reductive amination procedure (Walther et al., 2015) . To the 228 lyophilized samples was added 150 µl of 1 M 2-AB in DMSO/AcOH (7:3) and 150 µl of 1 M 229 NaBH3CN in DMSO/AcOH (7:3). Samples were mixed and incubated for 4 h at 60ºC, cooled to 230 room temperature, centrifuged and diluted 400-fold with a mixture of Milli Q water and acetonitrile 231 Attenuzyme®, or Attenuzyme® Flex) were added, respectively. Reactions were followed in situ by 246 high resolution nuclear magnetic resonance (NMR) spectroscopy for 240 min at 18°C to slow down 247 the reaction relative to process conditions. Spectra were acquired as a time series in situ by 248 sampling 16,384 complex data points during an acquisition time of 1.57 sec, summing 32 transients 249 and using a recycle delay of 2 sec. 250
The site-specific action of trace β-glucanase activity was investigated using a Lys5f BG 251 sample extracted solely by Termamyl® SC under real process conditions, i.e. at 65°C. 252 
Raw materials 264
Barley raw materials showed significant variation in the content of BG (Fig. 1 ) with Lys5f and 265 KVL408 ranging 11.8-15.3 % (dry mass, dm), KVL1104 and CDC Fibar ranging 8.0-8.9 % (dm) 266
and Bomi, Chameleon, Columbus and Columbus pearled ranging 3.9-4.9 % (dm). Accordingly, the 267 barley lines were categorized into high, medium or low BG genotypes. The pearling of Columbus 268 grains increased the BG content from 3.9 to 4.5 % (dm). 269
The distribution and appearance of BG within the barley outer layers and starchy endosperm 270 was investigated by histochemical analyses of the eight genotypes (Fig. 2) . Three kernels of each 271 genotype were prepared for light microscopy and the results shown are consistent for all repetitions. 272 BG is known to be the main cell wall constituent (70%) of barley starchy endosperm and is also part 273 (20%) of the aleurone layer, and can be stained with calcofluor. Calcofluor also labels cellulose, 274 which however only makes up 2% of the barley grain cell walls (Burton et al., 2010) . As deduced 275 from the calcofluor fluorescence (Fig. 2) , the cell walls in the starchy endosperm appear 276 significantly thicker in Lys5f and KVL408 (Fig. 2C, D) compared to the other lines. The cell wall 277 signal is also fairly strong in KVL1104, CDC Fibar and Bomi (Fig. 2E, F, G) , compared with 278
Chameleon, Columbus and Columbus pearled (Fig. 2H-J 
